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ABSTRACT
The analysis of eclipsing binaries containing non-radial pulsators allows: i) to combine two different and independent sources of
information on the internal structure and evolutionary status of the components, and ii) to study the effects of tidal forces on pulsations.
KIC 3858884 is a bright Kepler target whose light curve shows deep eclipses, complex pulsation patterns with pulsation frequencies
typical of δ Sct, and a highly eccentric orbit. We present the result of the analysis of Kepler photometry and of high resolution phase-
resolved spectroscopy. Spectroscopy yielded both the radial velocity curves and, after spectral disentangling, the primary component
effective temperature and metallicity, and line-of-sight projected rotational velocities. The Kepler light curve was analyzed with
an iterative procedure devised to disentangle eclipses from pulsations which takes into account the visibility of the pulsating star
during eclipses. The search for the best set of binary parameters was performed combining the synthetic light curve models with a
genetic minimization algorithm, which yielded a robust and accurate determination of the system parameters. The binary components
have very similar masses (1.88 and 1.86 M⊙) and effective temperatures (6800 and 6600 K), but different radii (3.45 and 3.05 R⊙).
The comparison with the theoretical models evidenced a somewhat different evolutionary status of the components and the need of
introducing overshooting in the models. The pulsation analysis indicates a hybrid nature of the pulsating (secondary) component, the
corresponding high order g-modes might be excited by an intrinsic mechanism or by tidal forces.
Key words. Binaries: eclipsing – Binaries: spectroscopic – Stars: fundamental parameters – Stars: interiors – Stars: oscillations
(including pulsations) – Stars: individual: KIC 3858884
1. Introduction
The primary science objective of the Kepler mission was the
detection of earth-like planets by the transit technique, but the
long-term almost continuous monitoring of about 160000 stars
provided precious data for different fields of astrophysics, first
of all for asteroseismology which requires, as transiting planet
search, accurate and continuous time series. An important by-
product of the mission is the discovery of a large number variable
stars, including ∼ 2100 eclipsing binaries (EBs) (Slawson et al.
2011; Prsˇa et al. 2011; Matijevicˇ et al. 2012). In some cases the
binary contains a pulsating component, including non-radial pul-
sators as δ Sct, γ Dor and Slowly Pulsating B (SPB) stars. This
providential occurrence allows the combination of independent
information from two different phenomena, and their synergy
in terms of the scientific results goes well beyond those from
the single sources. Asteroseismology can yield deep insights in
⋆ Based on photometry collected by the Kepler space mission.
stellar structures, and pulsating EBs have a fundamental asset:
studying non-radial oscillations in EB components has the ad-
vantage that the masses and radii can be independently derived,
with a pure geometrical method, by combining the information
from the light and the radial velocity curves, and with uncertain-
ties, in the best cases, below 1% (e.g., Southworth et al. 2005).
Moreover, additional useful constraints derive from the require-
ment of same chemical composition and age. Since the precise
measurement of the mass and radius poses powerful constraints
on the pulsational properties, EBs with pulsating component can
provide direct tests of the modeling of complex dynamical pro-
cesses occurring in stellar interiors (such as mixing length, con-
vective overshooting, diffusion).
The potential of pulsating EBs has been exploited in
several studies, e.g. those on HD 184884, KIC 8410637,
CoRoT 102918586, KIC 11285625 (Maceroni et al. 2009;
Hekker et al. 2010; Maceroni et al. 2013; Debosscher et al.
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Fig. 1. KIC 3858884 de-trended light-curve of Q8 and Q9 quarters, after rebinning and normalization to the quarter median.
Normalized flux, is denoted with l.
2013, respectively), and that on a sample of Kepler binaries with
red-giant components by Gaulme et al. (2013) .
The trade off with these advantages is the more complex
structure and analysis of the data, as it is necessary to disen-
tangle the two phenomena at the origin of the observed variabil-
ity. The problems met in this procedure can be more or less se-
vere, depending on the relevance of the two phenomena in mod-
eling the light curve. Their interplay was a minor problem in the
above mentioned cases since HD 184884 (Maceroni et al. 2009)
and CoRoT 102918586 (Maceroni et al. 2013) show grazing
eclipses, and for KIC 8410637 (a long period binary containing
a pulsating giant) the analysis of the typical solar like pulsations
could be done in the long phase interval outside eclipses unaf-
fected by binarity. When the effect of pulsations or eclipses can-
not be treated as a perturbation, or analyzed separately, a more
complex treatment is needed. In particular, when the eclipse
hides from view a large part of the pulsator, its decreasing con-
tribution to the total light shall be taken into account.
Variables of δ Sct type (DSCT) are radial and non-radial pul-
sators which are found in the classical instability strip. They
are of spectral type A2 to F5 and most of them are located on
the Main Sequence (MS) of the Hertzsprung-Russell diagram
or above it. Pre-Main Sequence DSCT have also been discov-
ered in young clusters or in the field (Zwintz 2008, and refer-
ences therein). DSCT can pulsate in radial and non-radial pres-
sure (p) modes, and in mixed pressure/low-order-gravity (p/g)
modes, with a rich frequency spectrum typically in the frequency
range 4-50 d−1. The main mechanisms driving the pulsations is
the same as in the other variables in the classical instability strip,
the well known κ mechanisms (Baker & Kippenhahn 1962). The
mixed modes are caused by the change of the Brunt-Va¨isa¨la¨ fre-
quency in the stellar core as stars evolve, so that the same wave
can propagate as a g-mode in the interior and as p-mode in the
envelope (Aizenman et al. 1977). The interest of these modes is,
therefore, that they allow to probe to a deeper extent the stellar
structure.
The DSCT instability strip is partially overlapping with that
of γ Dor variables. These are a group of MS stars a few hun-
dred degrees cooler (Grigahce`ne et al. 2010), and pulsating in
high order g-modes driven by convective blocking (Guzik et al.
2000) and with typical frequencies of ∼ 1 d−1. In recent years
pulsators showing both p-modes and high order g-modes have
been discovered (hybrid δ Sct / γ Dor stars). The first is in the
eccentric binary HD 209295 (Handler et al. 2002) (even if a tidal
origin of the γ Dor pulsation was suggested afterwards), many
other discoveries followed, especially thanks to space missions
as CoRoT and Kepler (Grigahce`ne et al. 2010, and references
therein). The further advantage of hybrid pulsators is that for
high order g-modes the asymptotic approximation can be used
(Smeyers & Moya 2007).
Precise stellar and atmospheric parameters are needed for the
asteroseismic modeling of pulsating stars. SB2 eclipsing bina-
ries are best suited for such an analysis by combining the photo-
metric with the spectroscopic data. Examples of such combined
analyses of stars showing δSct-like oscillations can be found e.g.
in Southworth et al. (2011) in combination with Lehmann et al.
(2013) or in Hambleton et al. (2013). Southworth et al. (2011)
find for the short-period eclipsing binary KIC 10661783 at least
68 frequencies, of which 55 or more can be attributed to pul-
sation modes. Based on the analysis of the Kepler light curve, a
mass ratio was derived that makes the system semi-detached and
a suspected oEA star (active Algol-type system showing mass-
transfer and δ Sct-like oscillations of the gainer, Mkrtichian et al.
(2002, 2003)). Combining the photometric findings with the
spectroscopic analysis of the SB2 star revealed, however, that the
star must have a detached configuration which makes it a post-
2
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Fig. 2. Blow-up of a section of the light-curve in Fig. 1.
Algol type system of still extremely small mass ratio (Lehmann
et al. 2013).
Hambleton et al. (2013) combined Kepler photometry and
ground based spectroscopy of KIC 4544587, a short-period ec-
centric eclipsing binary system showing rapid apsidal motion.
Their combined analysis delivers the absolute masses and radii
of the components and shows that the primary and secondary
components of KIC 4544587 reside within the δ Sct and γDor
instability regions, respectively. The important result is that the
31 oscillation frequencies found in total can be attributed, be-
sides to self-excited p and g modes, also to tidally excited g
modes and tidally influenced p modes.
In this paper we present the analysis of the bright Kepler tar-
get KIC 3858884 (Kp = 9.227, V = 9.28), an eclipsing binary
whose light curve is characterized by deep eclipses and an ad-
ditional periodic pattern suggesting the presence of a δ Sct pul-
sator. The system has an orbital period of about 26 days, but
binarity affects also the out-of-eclipse light curve because of
the high eccentricity (e ≃ 0.5). What makes this system differ-
ent from the above-mentioned cases is that eclipses and pulsa-
tions are of similar strength and strictly interlaced, since during
eclipse only a small fraction of the pulsating star is visible. This
required the development of a new disentangling procedure to
take into account, at least at first order, the effect of eclipses on
the observed pulsation pattern.
The target was object of a follow-up campaign to gather high
resolution spectra covering the full orbit. A preliminary analysis,
based on the first Kepler data releases and 18 spectra from the
Bohyunsan Observatory Echelle Spectrograph (BOES) was pre-
sented by Lee et al. (2012, hereafter L12). The system turned
out to be a double-lined spectroscopic binary (SB2), but the lim-
ited orbital coverage of the spectra and the relatively short length
Kepler photometry available at the time did not allow an accurate
determination of system parameters.
This paper is organized as follows: Sects. 2 and 3 describe
the available data and their reduction; Sect. 4 is devoted to the
analysis of the disentangled component spectra, providing the
atmospheric parameters; Sect. 5 deals with the light and radial
velocity curve analysis; Sect. 6 analyzes the pulsational proper-
ties of the components and, finally, Sect. 7 presents a compari-
son between the physical elements derived from the analysis and
stellar evolutionary/pulsation models.
2. Kepler photometry
KIC 3858884 has been in the Kepler target list since the be-
ginning of the mission. It has been observed both in the “short
cadence” (SC) and “long cadence” (LC) mode; in these modes
the original integration times of aboout 6s are summed on board
and yield a final integration time of, respectively, 59s and 29.4m
(Gilliland et al. 2010). Short cadence is available for a small
number of targets (0.3 % of the total), therefore for each run
targets are inserted in or dropped from the SC observation list
according to priority criteria. Also the LC mode has its prior-
ity list, as a consequence a given target can be observed only at
some epochs. Kepler data are delivered in “Quarters” (Q0, Q1,
..., Qn), typically three months long (a quarter ended when the
spacecraft rolled to re-align its solar panels). KIC 3858884 was
observed in the SC mode during quarters Q2, Q8 and Q9 (a total
of 358307 observed points) and in the LC one during quarter Q0,
Q1, Q2, Q3, Q4, Q8, Q11, Q12, Q13 and Q15 (39949 points).
Because the eclipses of KIC 3858884 last between 16 and 18
hours and the dominant pulsation frequencies correspond to pe-
riods of a few hours, we used for our analysis mainly the short
cadence data which assure a dense sampling at crucial orbital
phases (and a higher Nyquist frequency).
The Simple Aperture Photometry (SAP) data from the
MAST Archive1 were cleaned of obvious outliers and normal-
ized to the median value of each quarter, by using the Pyke tools
(Still & Barclay 2012). Q2 data cover 89 days, Q8 and Q9 data
170 days, for a total of about 10 orbital cycles. A section of this
light curve corresponding to Q8 and Q9 quarters is shown in
Fig. 1, the data were re-binned to 600s for better visibility. The
blow-up of Fig. 2 shows the pulsations and eclipses in greater
detail.
Thanks to the results of L12 we had already preliminary val-
ues for the binary period and eccentricity (Porb = 25.d9521 and
e = 0.46). Their binary model, however, is from fitting a binary-
only light curve which was obtained by pre-whitening the orig-
inal one with all the frequencies detected in its out-of-eclipse
sections. This is certainly an over-correction, because the light
curve of a system with high eccentricity, fractional radii, and
orbit orientation as those obtained in L12 will show binary sig-
natures out of eclipse as well. Stronger surface distortion and
enhanced proximity effects at periastron are at the origin of the
typical bump appearing in the light curve of eccentric systems in
the shorter phase interval between eclipses. As a consequence,
the harmonic analysis, though restricted to the out-of eclipse sec-
tions, will still contain the orbital frequency and its overtones.
These frequencies belong to the binary signal and should not be
pre-whitened as they are not related to pulsation.
To estimate the relevance of this effect we computed with
PHOEBE (Prsˇa & Zwitter 2005) a binary model with the param-
eters of L12. The resulting synthetic light curve (after adding
gaussian noise with standard deviation from their pre-whitened
binary light curve) was analyzed in the out of eclipse sec-
tions with PERIOD04 (Lenz & Breger 2005). The evidence was
that the eccentricity bump, in that case, yields significant or-
bital overtones up to 15 forb. Therefore, in the following, af-
ter performing the harmonic analysis with both PERIOD04 and
SIGSPEC (Reegen 2004), we excluded from pre-whitening the
orbital frequency overtones up to the value found in the simula-
tion.
The disentangling of the EB signal from pulsations is
typically performed with an iterative procedure, see e.g.
1 http://archive.stsci.edu/kepler/
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Fig. 3. Sections of the phased light curve around minima. Left
panel: primary minimum, right panel: secondary minimum. ∆φ
is the phase difference with respect to conjunction phase. The
curve labeled with “a” are derived by phasing LC0; curves “b”
after pre-whitening with pulsations, with no correction for visi-
bility during eclipse. Curve “c” of the right panel is pre-whitened
taking visibility into account (see text).
Maceroni et al. (2013, hereafter MMG13). The process consists
in: 1) pre-whitening the original light curve (LC0) with the fre-
quencies from the harmonic fit computed outside eclipses (if
necessary after replacing the eclipse points with a local fit), 2)
subtracting from LC0 the binary model obtained by fitting the
residuals of the previous step, 3) pre-whitening again LC0 with
the harmonic fit, determined this time on the full curve; the last
two steps are iterated until convergence.
This procedure was, for instance, successfully applied in
the analysis of CoRoT 102918586 (MMG13), a grazing eclips-
ing binary with a γ Dor component whose pulsation ampli-
tude is comparable to the (single) eclipse depth. In the case of
KIC 3858884, however, a large fraction of the eclipsed star is
out of view during eclipse, being the orbital inclination close to
90 degrees (88.8◦ in L12). As a consequence the pulsations com-
puted out of eclipse cannot be subtracted “as are” at all phases.
This is evident from Fig. 3 showing a blow-up of both minima of
the phased light curve before (curves labeled with “a”) and after
(curves “b”) subtraction of the pulsations, whose computation
is described later in this section. The ephemeris used for phase
computation of the curve is given in Eq. 1.
From inspection of the top curve of each panel of Fig. 3,
we conclude that the pulsating star is the secondary component
or, more precisely, that the greatest periodic luminosity varia-
tions belong to the secondary star, since the dispersion due to
pulsations of the folded curve significantly decreases only dur-
ing secondary minimum (Min II). The curves “b” show the ef-
fect we mentioned before: if the visibility of the pulsating star
is not taken into account the mere subtraction of the harmonic
fit from out-of-eclipse sections increases the scatter around sec-
ondary minimum with respect to that of the original curve. The
opposite is true for the primary minimum, as in that case the
pulsating star is in full view.
In light of these evidences we modified the disentangling
procedure as follows: the first harmonic analysis was performed
on LC0 after replacing the eclipses with a local fit of the neigh-
boring points and gaussian noise. This yielded about 300 fre-
quencies (with a significance criterion of the ratio of amplitude
to local noise S/N > 4, according to the criterion proposed by
Breger et al. (1993)). We then subtracted from LC0 the harmonic
fit, excluding the orbital overtones up to 18 forb, and computed
with PHOEBE a preliminary binary model, just to estimate for
each point the fraction of light from the pulsating star at that
time with respect to the median value. We assumed that also the
amplitude of pulsations during eclipse is reduced by this factor,
and weighted accordingly the harmonic fit to be subtracted from
LC0. This is only a rough estimate, because the actual value of
this fraction certainly depends on the pulsation mode and the
spherical wave-numbers, ℓ and m, (sectorial modes will act dif-
ferently from tesseral or axisymmetric modes), but even this first
order treatment is sufficient for a meaningful decrease of the dis-
persion (see the lower curve in the right panel of Fig. 3, labeled
with “c”).
Fig. 4. The phased light curve of the eclipsing binary as resid-
uals of the corrected harmonic fit, orbital overtones excluded.
Phases are derived using the ephemeris of Eq. 1.
The phased final curve due to only to the orbit is shown in
Figure 4. For the sake of brevity we show only the final outcome
of the disentangling procedure (after two stages of pre-whitening
of LC0). To reduce the computing time in binary modeling, the
input light curve was phased and further binned with a variable
step (namely we computed normal points in phase bins of 0.0004
and 0.001 in and out of eclipse). The total number of points of
the curve is then reduced to 1106. On the other hand the har-
monic analysis and pre-whitening was performed at first on the
full time series, when it became evident that there was no power
in the Fourier decomposition at frequencies higher than 50 d−1,
we binned also this time series to a time interval of 600s.
An accurate orbital period was derived by analyzing the pre-
whitened time series with the Analysis of Variance (AoV) al-
gorithm of Schwarzenberg-Czerny (1989), as implemented in
the VarTools program (Hartman et al. 2008) following Devor
(2005). For this computation we used also the LC curves, which
cover a longer timespan (1153d or 44 orbital cycles).
The resulting ephemeris is:
TminI = 2455013.8311(1)+ 25.d95200(5)× E. (1)
3. The spectroscopic follow-up of KIC 3858884
A follow-up campaign with different instruments was neces-
sary to get high-resolution spectra covering the long orbital cy-
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Table 1. Abundances of the binary components. The second col-
umn gives the atomic number, the third the assumed solar abun-
dance, the fourth and fifth the difference with respect to the solar
value (see text).
Element Z Sun Primary Secondary
C 6 −3.65 − −0.34+0.37−0.78
Mg 12 −4.51 −0.37 ± 0.47 −0.37+0.34−0.46
Ca 20 −5.73 −0.44 ± 0.30 −0.20 ± 0.24
Sc 21 −8.99 −1.11 ± 0.66 +0.12 ± 0.33
Ti 22 −7.14 −0.37 ± 0.20 −0.27 ± 0.17
Cr 24 −6.40 −0.04 ± 0.16 −0.24 ± 0.17
Mn 25 −6.65 −0.16 ± 0.36 −0.27 ± 0.35
Fe 26 −4.59 −0.09 ± 0.07 −0.26 ± 0.07
Ni 28 −5.81 +0.17 ± 0.13 −0.13 ± 0.14
Y 39 −9.83 +0.72 ± 0.25 +0.53 ± 0.24
Zr 40 −9.45 +0.80+0.39−1.16 +0.71+0.41−1.26
Ba 56 −9.80 +1.14+0.55−1.02 +0.97+0.59−0.97
La 57 −10.91 +0.94+0.28−0.39 +0.54+0.38−1.00
Ce 58 −10.46 +0.74+0.33−1.03 −
Nd 60 −10.39 +0.56+0.23−0.36 +0.21+0.35−1.32
cle with a good sampling. The observations were performed
with the Coude´ echelle spectrograph at the 2-m telescope of
the Thu¨ringer Landessternwarte (TLS) Tautenburg, (Germany),
with the Bohyunsan Optical Echelle Spectrograph (BOES) at
the 1.8m telescope at Youngcheon (South Korea), with the
HERMES spectrograph at the 1.2m Mercator telescope at the
Roque de los Muchachos Observatory (La Palma, Spain), and
with the HRS spectrograph at the 9.2m Hobby-Eberly telescope
(HET) at the McDonald Observatory (US). The journal of obser-
vations is given in Table A.1 that also lists the measured radial
velocities (RVs).
The spectral ranges and resolving power are 472-736 nm,
R=32 000 for the TLS, 380-900 nm, R=85 000 for the
HERMES, 350-1050 nm, R=30 000 for the BOES, and 440-
585 plus 610-780 nm, R=30 000 for the HET spectra. All spec-
tra were reduced using the following steps: cosmic ray hits re-
moval, electronic bias subtraction, flat-fielding, electronic bias
and straylight subtraction, spectrum extraction, 2-D wavelength
calibration, and normalization to the local continuum. Standard
ESO-MIDAS packages and a special routine to calibrate the in-
strumental zero point in radial velocity by using a large number
of telluric O2 absorption lines were used for the TLS spectra. The
HERMES and HET spectra were reduced using the correspond-
ing spectrum reduction pipelines (Raskin et al. 2011; Mack et al.
2013) and the BOES spectra using the IRAF tools.
The average signal to noise ratio of the spectra from the dif-
ferent instrument is: S/N=160 (TLS), S/N=120 (HET), S/N=170
(BOES), and S/N=44 (HERMES).
4. Spectroscopic analysis
4.1. Spectrum decomposition
For the analysis of the spectra of the components, we de-
composed the observed, composite spectra using the Fourier
transform-based KOREL program (Hadrava 2004, 2005). This
program optimizes the orbital elements together with the shifts
Fig. 5. Abundances of the primary (asterisks) and secondary
(open circles) components in dex relative to the solar values. The
dashed and dotted lines mark the [Fe/H] of the primary and sec-
ondary components, respectively.
applied to the single spectra of the components to build the mean
decomposed spectra.
Whereas we used all the spectra for the measurement of the
RVs, only the TLS spectra were included to derive the decom-
posed spectra. The reason is that the HERMES spectra are of
much lower S/N (due to small exposure times), the HET spec-
tra show badly normalized Balmer line profiles, and the BOES
spectra suffer from a slight ripple in the continua which causes
problems in the continua of the decomposed spectra as described
below.
There are two drawbacks of the program. One comes from
the usage of the Fourier transformation. The zero frequency
mode in the Fourier domain is unstable and cannot be deter-
mined from the Doppler shifts alone (Hensberge et al. 2008).
This effect gives rise to low-frequency undulations in the con-
tinua of the decomposed spectra and prevents in many cases
from an accurate determination of the local continua. The undu-
lations are enhanced when broad lines like Balmer lines occur in
the spectral region of interest or when the input spectra already
show slight undulations in their continua. The problem can be
overcome when the line strengths of the stars vary with time and
the degeneracy of the low frequencies in the Fourier domain is
lifted.
The second problem is common to all methods of spectral
disentangling, namely that the produced decomposed spectra are
normalized to the common continuum of the composite input
spectra. For the spectrum analysis, however, we need the spectra
normalized to the continuum of the single components. Such a
renormalisation can only be performed when the flux ratio be-
tween the components is known. In a first attempt, we computed
with PHOEBE the expected luminosity ratio in the Stro¨mgren
b and y bands for the stellar parameters derived in the light
curve solution. These two passbands cover or enclose the wave-
length range of our spectra. However, the decomposed spectrum
of the secondary component showed after the normalization line
depths larger than unity (or normalized fluxes below zero) so
that we must assume that the flux ratio derived from the light
curve was too small. We, therefore, included the determination
of the wavelength dependent flux ratio into the spectrum analy-
sis by using it as an additional free parameter, see Lehmann et al.
(2013) for a description of the method.
For the spectral disentangling with KOREL, we used the
wavelength range 472 to 576 nm, from the blue edge of the TLS
spectra to the wavelength where stronger telluric lines become
visible. In the solution, we fixed the orbital period to the value
obtained from the LC analysis which is much more precise than
5
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we can derive from the spectra alone. In the program setup, we
allowed for variable line strengths. In a first step, we computed
two solutions, the first one by including the spectra taken dur-
ing primary minimum and a second one without these spectra.
The comparison showed that in the first solution the decomposed
spectrum of the primary was slightly broadened by the strong
Rossiter-McLaughin effect (hereafter RME). The second solu-
tion, on the other hand, showed a strong undulation of the con-
tinuum of both decomposed spectra. The reason can be found in
the above mentioned lifting of the degeneracy of the low Fourier
frequencies by the variable line strengths which does not work
anymore when excluding the primary eclipse from the computa-
tions. Finally, we found a compromise by excluding all but two
spectra taken at Min I. The resulting decomposed spectra did not
show any undulations anymore and no difference in the line pro-
files compared to the exclusion of all spectra around Min I could
be found.
4.2. Spectrum analysis
The decomposed spectra of the components were analyzed us-
ing the spectrum synthesis method. This method compares the
observed with synthetic spectra computed on a grid in atmo-
spheric parameters and uses the χ2 of the O-C residuals as the
measure of the goodness of fit see Lehmann et al. (2011) for de-
tails. We used the SynthV program (Tsymbal 1996) to compute
the synthetic spectra based on a library of atmosphere models
calculated with the LLmodels code (Shulyak et al. 2004). Both
programs are non-LTE based but provide the opportunity to vary
the abundances of single chemical elements.
As mentioned in before, we added the flux ratio as a free pa-
rameter to the spectra analysis. It means that the analysis had
to be performed on both decomposed spectra simultaneously,
searching for the best fit in the atmospheric parameters of both
stars and the flux ratio between them. Free parameters of our
fit are effective temperatures Teff , metal abundances [M/H], mi-
croturbulent velocities vturb, and projected equatorial velocities
v sin i . Because of its ambiguity with Teff and [M/H], we fixed
the log g of both components to the values obtained from the LC
analysis. We started with scaled solar abundances for the [M/H]
of both stars. After finding the best solution in all parameters, we
re-normalized the decomposed spectra according to the derived
flux ratio. Then we fixed all the parameters to the derived ones
and repeated the analysis for both spectra separately by vary-
ing the abundances of all chemical elements where contributions
could be found in the spectra, starting with the abundance tables
corresponding to the derived [M/H]. In a next step, after optimiz-
ing all individual abundances, we repeated the analysis of both
spectra as described above based on the modified abundance ta-
bles. Changes in the atmospheric parameter values have been
marginal so that we stopped at this point.
Table 1 lists the results of abundance analysis, Table 2 gives
the final atmospheric parameter values. The second column of
Table 1 gives the atomic number, the third the assumed so-
lar abundance as log(Nel/Ntotal), corresponding to Asplund et al.
(2005). The fourth and fifth columns list the difference with re-
spect to the solar value (+ means enhanced). The parameter er-
rors represent 1σ errors. The atmospheric parameters were de-
rived from the full grid of parameters but for both components
separately. The ambiguity between the parameters are included
in the error analysis in this way per star. We did not have enough
computer power to include the combined effects from both stars
into the error calculation as they may arise during the combined
analysis when determining the flux ratio, e.g. to consider the ef-
Table 2. Atmospheric parameters of the binary components.
Parameter Primary Secondary
Teff (K) 6810±70 6890 ±80
log g (cgs) 3.6 fixed 3.7 fixed
v sin i (km s−1 ) 32.2±1.5 25.7 ± 1.5
vturb (km s−1 ) 3.72 ± 0.16 3.74 ± 0.60
fect of changing Teff,1 on the parameter values of the secondary
component. For the abundances, we included the Teff of the cor-
responding star into the error analysis of the single elements.
Figure 5 shows the abundances sorted by their atomic num-
ber. The derived abundances of both components agree within
their 1σ errors for all but three elements. The outliers are Fe and
Ni, the elements with the smallest abundance errors, and Sc. In
the case of Fe and Ni, this could be a hint that the errors were
underestimated. In the case of Sc, on the other hand, the differ-
ence of 1.23 dex can be confirmed from a visual inspection of
the decomposed as well as of the observed, composite spectra.
Because of the ambiguity between Teff and abundances it is
important to note that the abundances given in Table 1 are based
on the spectroscopically derived Teff . They are part of a consis-
tent spectroscopic solution, but may vary if a different Teff (such
as the value derived from the combined light and radial velocity
curve solution, see Sect. 5) is assumed.
The distribution of the abundances with atomic numbers of
the primary component resembles that of BD+18 4914 which
was discussed in Hareter et al. (2011) to be an Am star. Am
stars are chemically peculiar early F to A stars. They are char-
acterized by slow rotation (cut-off of about 100 km s−1 ), under-
abundance of C, N, O, Ca and Sc, and overabundance of the iron
peak and rare earth elements (see e.g. Iliev & Budaj (2008) for
an overview). Our two stars show not too fast rotation and an
overabundance of the heavy elements but not of those of the iron
peak. Only one of the stars, the non-pulsating primary compo-
nent, shows a significant under-abundance of Sc.
5. Light and radial velocity curve analysis
The light and radial velocity curve solutions were performed
with the current (“stable”) version of PHOEBE.
We preferred a non-simultaneous solution of light and ra-
dial velocity curves, since the RV data are acquired at different
epochs with respect to photometry and the two data sets are very
different in terms of observed point number and accuracy. On the
other hand the two solutions were connected by keeping fixed in
each of them the parameters better determined by the other type
of data.
5.1. Radial velocities and preliminary orbital solution
We used two different programs, KOREL and TODCOR
(Mazeh & Zucker 1994; Zucker & Mazeh 1994), to measure the
radial velocities (RVs), and PHOEBE to derive the orbital pa-
rameters. This allowed to cross check the results but also to profit
from the advantages of each method: KOREL provides disen-
tangled spectra and performs better in the analysis of spectra
at conjunction phases, while TODCOR is simpler and yields a
more straightforward and consistent determination of uncertain-
ties. In both cases the included spectral range was 472-567 nm,
which does not contain broad Balmer lines and is almost free of
telluric lines. KOREL delivers the velocity shifts with respect
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Table 3. Orbital parameters derived with KOREL (K) and from
the cleaned KOREL (K+P) and TODCOR (T+P) RVs using
PHOEBE. Errors are given in units of the last digits in paren-
theses.
K K+P T+P
a (R⊙) 56.94 57.08(16) 57.22 (20)
e 0.4661 0.4674(15) 0.4686(24)
ω (deg) 21.87 21.90(23) 21.48(35)
q 0.9996 0.9991(54) 0.9880(68)
T (2 455 000+) 11.974 11.9804(86) 11.9795(14)
γ (km s−1 ) 16.14(13)
Table 4. Frequencies found in the residuals of the RV fit of the
secondary component, based on the RVs derived with KOREL
and with TODCOR. The frequencies found in the Kepler light
curve are given for comparison.
f (d−1) amplitude
KOREL f1 7.23074(6) 2.6(2) kms−1
f2 7.47340(6) 2.9(2) kms−1
TODCOR f1 7.23056(6) 3.4(2) kms−1
f2 7.47341(6) 3.4(2) kms−1
Kepler f1 7.2306(1) 10.2(2) ·10−3
f2 7.4734(1) 9.1(2) ·10−3
to the composite spectrum and, directly, the searched orbital pa-
rameters. As first step we obtained a preliminary orbital solution,
based on all the out-of-eclipse spectra, which is given in Table 3,
column K. In the following, we used all spectra, including those
at eclipse phases. Since KOREL does not provide straightfor-
ward error estimates on the derived parameters (nor on the RV
shifts) and does not consider the RME and proximity effects, a fit
of the KOREL RV curves was performed with PHOEBE, in or-
der to independently obtain the orbital parameters together with
their errors.
PHOEBE calculates the orbit simultaneously fitting the RV
curves of both components and includes the RME, though only
in the hypothesis of alignement of rotation and orbit axes, and
the proximity effects (on the basis of a model of the surface
brightness distribution from the light curve fit). The adjusted pa-
rameters were the system semi-axis, a, the eccentricity, e, the
longitude of periastron, ω, the mass ratio, q, the barycentric ve-
locity, γ, and the origin of time in PHOEBE, from which we
derived the epoch of periastron passage, T . Figure 6 shows the
KOREL shifts and the PHOEBE best fit.
We subtracted the resulting fit from the observed RVs and
performed a period search in the residuals with PERIOD04.
For the secondary component, we found the same two frequen-
cies that dominate the oscillations in the Kepler light curve (see
Tables 4 and B.1). No periodic short-term variations were in-
stead found for the primary. Finally, we obtained the final fit with
PHOEBE, after pre-whitening the secondary RV curve with the
detected frequencies. The results are listed in Table 3 in column
K+P. The listed uncertainties are the formal errors of the fit and
are certainly underestimated, because of their same origin (see
Sect. 5.4) and of the lack of errors of the KOREL RVs.
Because the described procedure is a mixture of two different
methods - the RVs are determined in a procedure not accounting
for the RME and proximity effects whereas the calculation of the
orbit with PHOEBE includes them - and because of the problems
to get a sound estimate of the errors, we redetermined the RVs
Fig. 6. Upper two panels: the phased RV shifts of
KIC 3858884 components from KOREL. Filled circles:
primary star. Filled squares: secondary star. Curves: PHOEBE
fit. Second panel: fit residuals, with the same symbols. Lower
two panels: the same after prewhitening with the two significant
frequencies found in the residuals.
,
Fig. 7. Amplitude spectra, based on our complete dataset of 83
spectra. From top to bottom: Original data, largest peak f1; f1
subtracted, largest peak f2; f1 and f2 subtracted.
from the observed spectra by using the implementation of the
TODCOR algorithm by one of the authors (HL).
TODCOR is applied to the observed composite spectra and
performs a two dimensional cross-correlation for the contribu-
tions from each star, using two different templates. We used
as templates two synthetic spectra based on the parameters ob-
tained for the two stars from spectrum analysis (see Sect. 4).
The resulting RVs of both components are listed in Table A.1
of the Appendix. Also in this case we computed the spectro-
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scopic orbit with PHOEBE, performed the analysis of the resid-
uals with PERIOD04 finding the same two frequencies as from
the KOREL RVs (Table 4), and derived the final fit after pre-
whitening them. Fig. 7 shows the finding periodograms. The fi-
nal orbital parameters are listed in Table 3, column T+P.
The comparison of the results obtained from the KOREL and
the TODCOR RVs shows that they are of about the same ac-
curacy. All orbital parameters agree within 1σ. Besides, all the
derived frequencies of the short-term variations are in perfect
agreement and with the photometric ones. Taking both parame-
ter sets together, we can say that the most important parameter,
the mass ratio, is of q=0.993±0.012. This is a conservative es-
timation that assumes that the two methods are of comparable
accuracy.
Fig. 8. Upper panel: the phased light curve of the eclipsing bi-
nary and the final fit with PHOEBE (full line, in red in the on-line
version), inset: a blow-up around periastron phase showing the
fit around periastron phases. Lower panel: fit residuals.
In Fig. 6 we preferred to show the RV shifts from KOREL,
because that method provides a few more points around primary
minimum, allowing to better trace the Rossiter-McLaughin ef-
fect. For the combined photometric/spectroscopic solution, how-
ever, we will favour the TODCOR-based result as input. The rea-
son is that its derivation seems to be more consistent, having in
mind that the KOREL solution is based on RVs derived with-
out considering the Rossiter-McLaughin and proximity effects,
computed with PHOEBE to get the errors of the parameters.
The inspection of the radial velocity curves confirms that the
dominant pulsations belong to the secondary component, since
the RME, visible in both curves, indicates that the component
showing pulsation-related scatter in velocity is the one eclipsed
at phase ∼ 0.77 (or -0.23). On the other hand neither from the
light curve nor from spectra we can deduce that all the compo-
nents of the periodical pattern detected in the light curve belong
to the same star.
The in-eclipse RV poits are too few for modeling RME and
deduce information on the rotation axis alignment, the apparent
simmetry around the unperturbed curve of the four points at pri-
mary minimum are consistent with a parallel rotation axis of the
primary component.
Table 5. Orbital and physical parameters of KIC 3858884
System
Primary Secondary
i (◦) 88.176 ± 0.002
e 0.465 ± 0.002
ω 21.61◦ ± 0.01
q 0.988 ± 0.02
a(R⊙) 57.22 ± 0.22
Teff (K) 6800a ± 70 6606 ± 70
M(M⊙) 1.88 ± 0.03 1.86 ± 0.04
R(R⊙) 3.45 ± 0.01 3.05 ± 0.01
log g 3.63 ± 0.01 3.74 ± 0.01
5.2. Light curve solution
In the light curve solution we adjusted the inclination i, the sec-
ondary effective temperature, Teff,2, and the surface potentials
Ω1,2; the primary passband luminosity L1 was separately com-
puted rather than adjusted, as this allows for a smoother conver-
gence to the minimum. The mass ratio q, was instead fixed to
the values derived from the fit of the radial velocity curves (from
TODCOR parameter set); the eccentricity, e, and the longitude
of periastron, ω, were initially fixed to the spectroscopic values
and only finely tuned in the light curve fit.
For limb darkening we adopted a square root law that em-
ploys two coefficients, xLD and yLD per star and per passband.
Note that the standard Kepler transmission function in PHOEBE
is the mean over the 84 different channels of the Kepler FoV.
PHOEBE determines the coefficients by interpolating, for the
given atmospheric parameters, its internal look-up tables. The
gravity darkening and albedo coefficients were kept fixed at their
theoretical values, g = 1.0 and A = 1.0 for radiative envelopes
(von Zeipel 1924).
The primary effective temperature was kept fixed, as it is well
known that the solution of a single light curve is sensitive only to
relative values of the effective temperatures. We used the value
Teff,1 = 6800 K, which was provided by the analysis of the spec-
tra. The uncertainties on the effective temperatures are essen-
tially those from spectra analysis, as the additional term on Teff,2
from the fit is very small (a few degrees). A shift in Teff,1 reflects
in a shift of Teff,2 in the same direction leaving the ratio almost
constant.
Figure 8 shows the fit and its residuals. The larger scatter
of residuals around minima depends on the smaller phase bins
used for the eclipses. The remaining features around minima are
instead related to the stellar surface representation in PHOEBE
(and WD), in which the aligned border of the first tile of each
meridian produces a seam along the central line facing the com-
panion (y=0, in the co-rotating frame centered on the star). This
issue will be solved in the next PHOEBE version, still under de-
velopment 2.
5.3. Combined solution
The system parameters from the light and radial velocity curve
solution are collected in Table 5.
The system model corresponding to the best fit is formed by
two similar stars: masses differ by 0.02 M⊙, radii by 0.42 R⊙ and
effective temperatures by less than 200 K.
There is an evident discrepancy between our combined solu-
tion and the results from the analysis of the disentangled spectra.
2 see http://phoebe-project.org/
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According to Table 2 the hottest star (by∼ 70 K) is the secondary
component. On the other hand we know, as mentioned in the pre-
vious section, that the secondary, pulsating star is eclipsed at the
widest and less deep minimum. The shape of the light curve can-
not be reproduced by a hotter secondary. Even considering the
effect on the eclipse depth of the different distance between the
stars at minima because of eccentricity, stars of the same temper-
ature yield a secondary eclipse less deep of only a few percent
and the difference in depth will still decrease (and then change of
sign) for a hotter secondary, while the observed value amounts
to about 10 %. A cooler secondary is, therefore, needed to re-
produce the light curve shape. Considering that the line profiles
of the secondary star are certainly affected by pulsations, we de-
cided to trust and adopt in the following the Teff,2 value from the
light curve modeling.
The uniqueness of the solution and the derivation of param-
eter uncertainties are discussed in the next section.
5.4. Uniqueness of the solution and parameter uncertainties
The light curve fit is obtained by minimizing a cost function
which measures the deviation between model and observations
in the space of adjusted parameters. In PHOEBE the mini-
mization is done by differential correction, in the Levenberg-
Marquart’s variant, or by the Nelder and Mead’s downhill sim-
plex. As a consequence, it suffers from the well know problems
of these methods: the minimization algorithm can be trapped in a
local minimum or degeneracy among parameters and data noise
can transform the minimum into a large and flat bottomed region,
or an elongated flat valley, rather than a single point. Besides,
the correlation among the parameters implies uncertainties on
the derived values which are significantly larger than the formal
errors derived, for instance, by the least square minimization.
The disagreement between the analysis of photometry and spec-
troscopy was an additional reason to test the uniqueness of our
photometric solution.
The search for the global minimum can be performed with
a variety of techniques, which have in common, however, the
fact of being very demanding in terms of computing time.
Prsˇa & Zwitter (2005), for instance, propose Heuristic Scanning
and Parameter Kicking (a simplified version of Simulated an-
nealing). The former method was applied to solve the CoRoT
light curve of the eccentric binary HD 174884 (Maceroni et al.
2009).
Another popular choice is that of genetic algorithms, a class
of optimization techniques inspired from biological evolution
through natural selection of the fittest offsprings. A widely used
implementation of genetic algorithms in astrophysical problems
is PIKAIA3 (Charbonneau 1995). PIKAIA starts from a ran-
domly chosen population, whose individuals are characterized
by the values of the parameters to optimize (the values are coded
in their “chromosomes”). Pairs of individuals are mixed through
a breeding process yielding “offsprings”, the members of the
new “generation” are chosen on the base of their fitness, mea-
sured by a user-defined cost function. Random mutation of some
of the offsprings is also included. Thanks to the weighting of
offsprings with fitness and to the mechanism of breeding (which
allows to incorporate information from the previous generation)
the search process of PIKAIA is much faster than in random
search algorithms (e.g., Monte Carlo).
3 the code and related documentation are freely available from
http://www.hao.ucar.edu/modeling/pikaia/pikaia.php
We built an interface program FITBINARY, which connects
PIKAIA (v1.2) to the PHOEBE’s underlying fortran code (a
PHOEBE specific version of the Wilson & Devinney (1971)).
We preferred to stick to the PHOEBE back-end WD-version be-
cause of its many extensions, and of its internal computations
of outgoing fluxes and limb darkening in the Kepler bandpass.
In this way, the FITBINARY results are fully compatible with
PHOEBE modeling.
The PIKAIA search was performed on the same parameters
adjusted in PHOEBE: inclination, surface potentials, and effec-
tive temperature of the secondary component, while the primary
passband luminosity was recomputed at each step. We made use
of the creep mutation mode to jump over the so called Hamming
walls (see the on-line PIKAIA documentation). The search was
first conducted in a large region around a provisional set of pa-
rameters, to be later on restricted to smaller intervals. A typ-
ical scan (100 generation of 50 individuals) requires about 40
hours of computation on a 1.8 GHz Intel Core i7 processor with
4Gb RAM. For a non eccentric system the computation is much
faster, since it is not necessary to recompute the surface geome-
try at each orbital phase.
Figure 9 displays the results of the genetic algorithm, the
four panels display the cost function (in arbitrary units) versus
the four parameters. The clustering of points along vertical strips
indicates the efficiency of the method in converging to the mini-
mum. The figure is actually a blow-up around the minimum, as
the search was performed in parameter ranges larger than those
displayed (i = 88.1 − 88.3, Ω1 = 18 − 19, Ω2 = 20 − 21,
Teff,2 = 6550 − 6650). It is evident, looking for instance at the
Ω2 plot, that a “blind” minimum search could be trapped in any
of the parabolic shaped regions. The parameters of Table 5 are
derived from the parameters of PIKAIA’s minimum.
The uncertainties on the final parameters and the cor-
responding 1-sigma errors of Table 5, were computed with
Bootstrap Resampling (BR) both for the radial velocity and the
light curve fit, according to the scheme described in detail in
Maceroni & Rucinski (1997) and Maceroni et al. (2009) and ap-
plied in MMG13. The main difference with the standard BR
treatment is that the procedure is performed within the mini-
mum already established by a single iterated solution (that is,
using only one set of residuals and parameter derivatives com-
puted in the global minimum). This is because the full compu-
tation of an iterated minimization for each bootstrap sample (we
used 20000 samples) is extremely heavy in terms of computing
time, especially in the case of an eccentric orbit, which requires
re-computation of the binary surfaces at each phase. The Monte
Carlo Markov Chain (MCMC) used in other cases (Da Silva et
al. 2013, in preparation) is too demanding in terms of computing
time in the case of an eccentric system.
6. Pulsational properties
6.1. Frequency extraction
The frequency spectrum, after subtraction of the final binary
model, is shown in Fig. 10. The plot is restricted to the fre-
quency interval containing meaningful features. Since the resid-
uals of Fig. 8 are dominated by deviations around minima, we
computed the frequency spectra both for the full residuals and
for the out-of-eclipse sections. The spectra are very similar, the
main difference is the presence, in the first case, around the two
dominant frequencies of a large number of low-amplitude peaks
which are spaced by multiples of the orbital frequency. The spu-
rious nature of these features is evidenced by comparison with
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Fig. 9. Blow up of the PIKAIA results: cost function value vs inclination (top left), secondary temperature (top right) and potentials
(bottom panels). The minimum value is indicated by a gray (red in the electronic version) larger dot.
the out-of-eclipse Fourier spectrum, in which they disappear. For
this reason we adopt and discuss in the following the results ob-
tained from the light curve cleaned of the EB signal but exclud-
ing the eclipse sections.
As in our preliminary analysis we used both SIGSPEC and
PERIOD04 for frequency extraction. SIGSPEC has the advan-
tage of automatically computing the frequency components and
their spectral significance, ξ, which is related to the false alarm
probability of detecting as a peak a feature actually due to
(white) noise: ξ = − log(ΦFA) (Reegen 2004). PERIOD04 was
used to check the results, to compute the local noise spectrum,
and to derive the S/N ratio.
A commonly adopted frequency significance threshold is
that suggested by Breger et al. (1993), i.e. a S/N value of
the amplitude ≥ 4. This value, however, was actually derived
for ground-based multisite campaigns and is also based on
the assumption of random noise. This may not be the case
for Kepler data or pulsating stars which can show significant
red noise (Kallinger & Matthews 2010). According to Reegen
(2007) the approximate correspondence between spectral signif-
icance and S/N ratio yields ξ(S/N = 4) = 5.47. We checked,
however, that in our dataset we should not go below ξ ≃ 12 to
have a S/N¿4 everywhere (and in particular at low frequencies).
We adopted therefore this more conservative criterion for signif-
icance.
Table B.1 lists the first sixty out of about four hundred fre-
quencies in order of detection and their spectral significance, the
full table is available as on-line material. The uncertainties in the
Fig. 10. The final amplitude spectrum of KIC 3858884 and, in
the inset a blow-up of the same spectrum after pre-whitening the
two highest frequencies. The gray line (red in the on-line ver-
sion) is the significance threshold which is four times the local
noise (computed on the residual spectrum with a box of 3 d−1)
table have been computed according to Kallinger et al. (2008)
and are sensibly larger than the formal errors of the LS fit. The
obvious combinations of frequencies and the overtones of the
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orbital frequency ( forb = 0.0385327) are also listed in the com-
ments.
The inspection of Fig. 10 and Table B.1 reveals that pulsa-
tions occur with frequencies in two separate regions of the spec-
trum: a high-frequency region above 6 d−1, containing most of
the signal, and a low-frequency one (around or below 1 d−1),
whose strongest frequency, f13 of the table, has an amplitude ∼4
% of f1. The first region is where one expects p-mode pulsa-
tions for classical δ Sct stars, the second is the typical region of
g-modes in γ Dor stars.
As our pulsator is a highly eccentric binary one can also ex-
pect that the orbital motion and the varying tidal forces along
the orbit affect the pulsations. According to Shibahashi & Kurtz
(2012), the Doppler effect due to the orbital motion of a pul-
sating star in a binary causes a phase modulation of pulsation.
That yields, in the Fourier decomposition of the time series, a
multiplet with the original frequencies split in components sep-
arated by the orbital frequency. The amplitude of the multiplet
components depends on the binary parameters and on the ratio
of the orbital and pulsation periods. Using the relations of the
above mentioned paper, we derived the ratio of the amplitude of
the first multiplet components (±i forb; i = 1, 2) to the central fre-
quency for the case of an eccentric binary (note that symmetric
±peaks have the same amplitude). We obtain that the amplitude
of this first component should be ∼1.5% of the central frequency,
while that of the second 0.3 %; the latter is a too small value for
our detection threshold, even for the strongest frequencies. In our
frequency list we find at least the first component (i = 1) of the
multiplets around f1,2, with an amplitude somewhat higher than
expected, but at least of the right order ( f4, f19, f45, of Table B.1,
while f81 = f2 − forb can be found in the complete on-line ver-
sion).
We could not find, instead, a convincing evidence on pul-
sation of the star rotation (which corresponds to a rotation fre-
quency frot,2 = 0.167 d−1, according to the measured v sin i and
the derived values of inclination and stellar radius). The ratio
between the rotation and break-up velocities is small enough
(vrot,2/vb,2 ∼ 0.008) to expect equidistant multiplets (Reese et al.
2006), which are easier to spot, but the high number of frequen-
cies and the uncertainty on the rotation velocity prevent detec-
tion.
6.2. High frequency variability
An estimate of the pulsation frequency regime for a δ Sct can
be derived by the relation between the frequency of a radial
mode and the mean density through the the pulsation constant
Q (Stellingwerf 1979):
Q = Posc
√
ρ
ρ⊙
. (2)
Typical Q values in the δ Sct domain are Q = 0.033 for the fun-
damental radial mode and decrease to 0.017 for the third over-
tone. For single stars the mean density is inferred from Teff, the
absolute magnitude, and surface gravity, but in our case we have
an accurate determination of mass and radius from the binary
model. The pulsation frequencies corresponding to the funda-
mental and the first three overtones for the secondary star, with
the mentioned Q values, are in the range 7.8 - 15 d−1, for the pri-
mary star the interval is from 6.5 to 12.5 d−1. That corresponds to
the frequency interval where we find most of the signal. A more
precise computation of the excited frequency ranges, based on
theoretical models, is presented in Sect. 7.
Fig. 11. The distribution of differences among the detected fre-
quencies (every frequency was subtracted from all the others and
the plot is restricted to the positive values). For easier compari-
son each histogram is normalized to the local maximum around
7 d−1. The black line refers to the whole set of 403 frequen-
cies, the gray line to those with amplitude larger than 10−4. The
histograms show that there is a preferred spacing around 2.3
d−1which is clearly visible in both distributions. According to
(Breger et al. 2009) the spacing corresponds to that between ra-
dial modes. The multiples of the spacing are also indicated by
dotted lines.
As Breger et al. (2009) pointed out, the numerous observed
frequencies of δ Sct often appear in groups which cluster
around the frequencies of radial modes and show some regu-
larity in spacing. The fact is put in relation with mode trap-
ping in the envelope which increases the probability of detection
(Dziembowski & Kro´likowska 1990). These modes are the non-
radial counterparts of the acoustic radial modes and, for low ℓ
degree, have frequencies close to those of radial modes. In the
case of δ Sct pulsators theory predicts a much higher efficiency
of mode trapping for ℓ = 1 modes, see also Breger et al. (2009).
The above-mentioned authors introduce a theoretical dia-
gram displaying the average separation of the radial frequen-
cies versus the frequency of the lowest-frequency unstable ra-
dial mode (their Fig. 8, s − f diagram). The values are arranged
on a grid with the different radial modes and surface gravity as
parameters. The location of a pulsator in that diagram allows,
therefore, to estimate its surface gravity (if the radial mode is
assumed or known). The histogram of the frequency difference
is shown in Fig. 11 both for the whole set of frequencies and for
those with an amplitude A > 10−4 (∼ 100 frequencies). There is
an evident pattern, indicating a separation of the radial modes of
s ≃ 2.3 d−1. One sees in fact a first peak at 2.3 d−1and others at
approximately two and three times the value (the separation of
radial modes is not exactly constant with increasing order). As
we already have a precise estimate of the gravities, we used the
value of s to derive the frequency of the fundamental radial mode
of the secondary, which is ∼ 7.4 d−1, i.e. very close to the values
of f2. We know that both f1 and f2 belong to the secondary com-
ponent, if - as plausible - we assume that f2 is its fundamental
radial mode, f1 should be a non radial one. The lower frequen-
cies in the same domain could be either non-radial modes of the
secondary or radial/non-radial modes of the primary component.
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6.3. Low frequency variability
The low frequencies detected in the range of high order g-modes,
typical of the γ Dor variables, could indicate a hybrid nature of
the δ Sct pulsator.
According to the asymptotic approximation (Tassoul 1980),
the angular frequency, σnℓ, of high order g-modes of radial or-
der n and angular degree ℓ propagating between two convective
regions is given by:
σnℓ =
√
ℓ(ℓ + 1)
π(n + 1/2)ℑ (3)
where ℑ =
∫ r2
r1
N
r
dr is the integral of the Brunt-Va¨isa¨la¨ fre-
quency (N), weighted by the radius, along the propagation cav-
ity.
For the stellar structure and frequencies of interest here r1
and r2, and hence ℑ, are weakly dependent on the mode. As a
consequence, the first order asymptotic approximation also pre-
dicts that high order g-modes should be regularly spaced in pe-
riod, with a mean period spacing:
∆Pℓ =
2π2
ℑ √ℓ(ℓ + 1) . (4)
Moya et al. (2005, hereafter M05) derive from Eq. 3 a
straightforward relation between radial orders, frequencies, and
correspondingℑ values, for modes with the same ℓ value:
fi
f j ≈
n j + 1/2
ni + 1/2
ℑi
ℑ j ≈
n j + 1/2
ni + 1/2
; (5)
the second approximation is justified by the fact that, for the
modes of interest here, ℑ is very weakly dependent on the order.
We checked if such a relation was verified among the frequen-
cies in the interval 0.3 - 3.0 d−1. We computed the expected n
ratios for radial orders 1 < n < 120, in the hypothesis of same
degree ℓ, and compared the results with the observed ratios of the
four locally highest amplitude frequencies ( f13, f41, f47, f55, see
Fig.12), excluding from the search the obvious combinations,
such as f61 = 0.4930 d−1= f4 − f1 . We assumed a tolerance
for each ratio of 0.004 d−1, which takes into account both the
deviations of the asymptotic relation with respect to the theo-
retical models, see M05, and the uncertainties on the derived
frequencies. We found, indeed, a few combinations of radial or-
ders reproducing, within the uncertainties, all the observed ratios
(Table 6).
Each combination allows to estimate from Eq. 3, if a value
of ℓ is assumed, the mean value of ℑ, i.e. a quantity which can
be readily compared with theoretical models. Cancellation due
to surface integration of the observed flux suggests low ℓ values
and, in our case, a clue to infer the ℓ value is offered by the fact
that the highest amplitude frequency among the four selected is
very close to an overtone of the orbital frequency, f13 ≃ 18 forb.
Since tidal action is more efficient in exciting ℓ = 2 modes (e.g.,
Kosovichev & Severnyj 1983), ℓ = 2 is the straightforward as-
sumption. Table 6 lists the values of the integral of the Brunt-
Va¨isa¨la¨ frequency,ℑ and of its inverse in seconds derived under
this hypothesis. The comparison with the theoretical models is
presented in the next Section. The lines in boldface highlight the
combinations in better agreement with the results of that section.
The mean period spacing (and its standard deviation) corre-
sponding to the two n series highlighted in Table 6 (and ℓ = 2)
is the same: ∆P = 1736s ± 19s.
The maximum number of frequencies whose ratios follow
the relation in Eq. 5 is Nm = 4. We tested that by adding to the
Fig. 12. The frequency spectrum in the γ Dor domain after pre-
whitening with the first twelve frequencies of Table B.1. The
highest amplitude peak corresponds to f13 ≃ 18 forb. The gray
(red) line is the estimate of local noise by PERIOD04 (with a
box of 0.2 d−1). The black dots denote the values used to derive
the period spacing. The open circle denotes the frequency f193 =
1.2350 d−1, which according to that period spacing value has
n f193 = 39. Note that this last frequency is also very close to
32 forb.
Table 6. The combinations of radial orders, ni, following the
relation in Eq. 5 for f47, f13, f41, and f55 of Table B.1, the cor-
responding integral of the the Brunt-Va¨isa¨la¨ frequency for ℓ = 2
(mean value ± its standard deviation, and its inverse).
n f47 n f13 n f41 n f55 ℑ(µHz) ℑ−1(s)
48 35 27 23 367.8 ± 0.4 2718 ± 3
60 44 34 29 460.8 ± 1.2 2170 ± 6
83 61 47 40 635.0 ± 1.4 1575 ± 4
85 62 48 41 648.6 ± 1.3 1542 ± 3
96 70 54 46 729.8 ± 2.1 1370 ± 4
97 71 55 47 741.6 ± 1.8 1348 ± 4
108 79 61 52 822.8 ± 1.0 1215 ± 2
109 80 62 53 834.5 ± 2.9 1198 ± 4
112 82 63 54 852.7 ± 1.7 1173 ± 2
120 88 68 58 915.7 ± 1.1 1092 ± 1
quadruplet the other clearly detected frequency in the interval
f = 0.5−2.5 d−1and, within the tolerance given above, we found
no consistent solution. On the other hand, by adopting the de-
rived period spacing, we found a few frequencies which are close
to the expected values for some n, for example f193 = 1.2350
d−1 (n f193 = 39), which is also close to an overtone of the orbital
period ( 32 forb). However, given the increasing uncertainties on
lower amplitude frequencies and the intrinsic uncertainties in the
procedure using asymptotic relations, we prefer to restrict our
analysis to the firmly established quadruplet.
7. Physical properties of KIC 3858884
Further information on the physical properties of the system can
be derived by comparison with theoretical models. As in previ-
ous studies (Maceroni et al. 2013), we use the evolution of the
stellar radii with time, combined to the constraint of coevality,
to infer the system age. The stellar radius evolution instead of,
for instance, the position in the H-R diagram, is preferred be-
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Fig. 13. The properties of the stellar models selected as explained in the text. In all panels different quantities are plotted as function
of the model age, the symbol shape depends on the chemical composition, the grey symbols correspond to the primary star, the
black ones to the secondary. Top left panel: Teff for both stars; top-right panel: the integral of the Brunt-Va¨isa¨la¨ frequency for the
secondary component; bottom left panel: the minimum and maximum excited frequency in the δ Sct domain for both stars (empty
and full symbols denote, respectively, the minimum and maximum values), bottom right panel: the minimum and maximum excited
frequency in the γ Dor domain for the secondary.
cause the radii are directly and precisely determined from the
radial velocity and light curve solutions, while the computation
of temperature and luminosity implies the use of color transfor-
mations and bolometric corrections.
The evolutionary tracks were obtained from stellar evo-
lution modeling with the code CLES (Code Lie´geois
d’ ´Evolution Stellaire, Scuflaire et al. 2008) with the follow-
ing micro-physics: equation of state from OPAL (OPAL05,
Rogers & Nayfonov 2002); opacity tables, for two different solar
mixtures (Grevesse & Noels 1993; Asplund et al. 2005, GN93
and AGS05), from OPAL as well (Iglesias & Rogers 1996), and
extended to low temperature with the Ferguson et al. (2005)
opacity values; and nuclear reaction rates from the NACRE
compilation (Angulo 1999), except for 14N(p, γ)15O, updated by
Formicola et al. (2004).
Convection is treated by the mixing length theory
(Bo¨hm-Vitense 1958), with the value of αMLT fixed to 1.8 (at any
rate, in the temperature range of interest here, its value does not
affect the stellar radius). Models with and without overshooting
were computed with the extra-mixing length expressed in terms
of the local pressure scale height (Hp), as αOV, and αOV values
equal to 0.15 and 0.20.
We have computed evolutionary models for masses between
1.82 and 1.91 M⊙, with a step of 0.005 M⊙. For the chemi-
cal composition we assumed different values of the metal mass
fraction (Z), from 0.007 to 0.018, and two values of the helium
mass fraction Y = 0.27, and 0.28. Because of the abundance
anomalies the value of Z is not well constrained. As mentioned
in Sect. 4.2 the primary shows some features of Am-Fm stars, ex-
cept for the Fe overabundance. The Am-Fm phenomenon disap-
pears or decreases with surface gravity (Kunzli & North 1998).
Therefore, the slightly evolved status of the primary (log g =
3.6) could explain the particular chemical pattern. It is widely
accepted that the Am-Fm phenomenon is the consequence of
microscopic diffusion and radiative acceleration, together with
macroscopic processes such as rotational induced mixing or stel-
lar wind. Radiative accelerations are not implemented in CLES,
hence we cannot fit the chemical pattern at the surface. On the
other hand, if photospheric abundances are the results of selec-
tive diffusion processes, we have no information on the chemical
composition of the whole star. Because of the above mentioned
anomalies the Fe abundance cannot be used as a proxy for [M/H]
to be used in stellar modeling.
To derive the age of the system, we have selected the mod-
els such that primary and secondary have at the same age the
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corresponding masses and radii, and have a difference of effec-
tive temperature of of ∼200 K, as suggested from the light curve
solution. Given the similar mass of the two components, it is
possible to fit the difference in radii only if the two stars are in
a different evolutionary stage, and we could get this result only
if overshooting is included in the computations. We have then
considered solutions in which both stars have the same extra-
mixing in the central regions (αOV = 0.15, 0.20), and also the
possibility of a different efficiency of the central mixing process
in either component, by using αOV = 0.20 for the primary and
αOV = 0.15 for the secondary, and viceversa.
In the following we present and discuss the models relative to
the AGS05 solar mixture, which provide similar results to those
with GN93 and was used as reference in Table 1.
The constraint on the effective temperature of the com-
ponents rules out models with the lower metallicity values,
the best match is obtained for Z = 0.016 and 0.018 which
means [M/H] + 0.1 or +0.15 depending if we assume AGS09
(Asplund et al. 2009) or AGS05, respectively. If, in addition,
we fix the primary temperature to 6810 ± 140 (i.e. ±2σ), as
obtained from spectroscopy, we can discard all models with
αOV = 0.15 in both stars, and almost all those with different
αOV in the two components (with the exception of three models
with αOV,1 = 0.15 and αOV,2 = 0.20). The rejected models, in
fact, reproduce the temperature difference but provide a too high
value of Teff,1.
The constraints listed above select a sample of 59 stellar
models with equal αOV and different chemical abundances (we
dropped the three more models with different αOV after checking
that the results do not change). The system age of the whole sam-
ple varies from 1.17 to 1.49 Gy (see the top-left panel of Fig. 13)
and is significantly reduced, to to 1.38 – 1.49 Gy, fixing the pri-
mary temperature. The other panels of the figure show the value
of ℑ and the maximum and minimum excited frequencies in the
δ Sct and γ Dor domains, as computed with the non-adiabatic
pulsation code MAD by Dupret et al. (2003). From inspection
of these panels we can conclude that the derived age range cor-
responds to:
– a value of the Brunt-Va¨isa¨la¨ for the secondary component
between 730 and 760 µHz (top-right panel), note that the
same quantity for the primary is ∼ 1100 µHz,
– a minimum and maximum value of the excited frequencies,
in the δ Sct domain, of 5–17 d−1for the secondary and of
5–22 d−1for the primary (bottom left panel),
– a minimum and maximum value of the excited frequencies,
in the γ Dor domain, of 0.4–1.1 d−1(bottom right panel), the
plot is for secondary only as the excitation mechanisms is
not at work in the primary.
All these values are quite consistent with what was obtained in
the previous Section. Both stars can pulsate in the δ Sct domain
(but our computations do not provide the amplitude of the fre-
quency components so we cannot tell which one is actually de-
tectable), while the driving mechanisms for γ Dor pulsations can
work in the secondary only, which could be therefore a genuine
δ Sct/γ Dor hybrid pulsator. On the other hand our computations
do not take into account the presence of an “external” excita-
tion mechanisms, as is the varying tidal force in an elliptic or-
bit, and the presence of an orbital frequency overtone among the
frequencies detected in the γ Dor domain could be a clue about
such an origin. To discriminate between the two hypotheses, we
computed from Eq. 3 the frequencies corresponding to ℓ = 1
modes and to the selected ℑ values. The underlying idea was
Fig. 14. An example of evolutionary tracks for a pair of stellar
models fulfilling the constraints explained in the text, and with
Y=0.27, Z=0.016 and αOV = 0.2. For this particular pair Teff,1 =
6860 K and Teff,2 = 6680 K, the requested difference in radius
with similar masses is fulfilled thanks to a more evolved stage of
the primary component.
that, at variance with tidal forces, an intrinsic excitation mech-
anism would work also for ℓ = 1 modes. We found that for
ℑ = 729.8 µHz, three of the detected frequencies ( f68 = 0.3573,
f100 = 0.3284, and f279 = 0.4686 d−1) correspond, within their
errors, to expected ℓ = 1 values. As, however, the theoretically
expected g-mode frequencies are closer and closer for decreas-
ing frequency values, an occurrence due to pure coincidence is
also possible.
In Fig. 14 we show a representative pair of evolutionary
tracks from the selected sample (that in best agreement with all
the constraints). To be noticed that the fundamental radial mode
of the secondary model is, in this case, f ≃ 7.5 d−1, i.e. in ex-
cellent agreement with the finding from frequency differences of
the previous Section.
8. Discussion and conclusions
Thanks to the unprecedented quality of the Kepler data and to a
long spectroscopic follow-up involving several different instru-
ments we have been able to achieve a comprehensive description
of this challenging binary. As it frequently happens, the avail-
ability of higher quality data is at the same time a source of
achievements but as well of new challenges.
The Kepler light curve was intractable with the method cur-
rently used to analyze pulsating star in binaries (e.g., MMG13
Debosscher et al. 2013), given the high eccentricity and the deep
eclipses, and hence the modified oscillatory pattern during the
deep eclipse of the pulsator. To face this problem we developed
a new procedure to extract the orbital (i.e. binary only) contri-
bution to the light curve, which takes into account the effect of
eccentricity and (at least at first order) of the eclipse of the pul-
sating star. The straightforward development would be a detailed
detailed analysis of the eclipse of the pulsator with the eclipse
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mapping technique (Bı´ro´ & Nuspl 2011), which would also al-
low to extract information on the observed modes.
The partial disagreement between the parameters derived
from photometry and spectra analysis was a motivation for an
extended scan of the parameter space of the light/RV curve fits,
to rule out the possibility of a wrong solution corresponding to
a secondary minimum. To this purpose a genetic minimization
algorithm was implemented in combination with PHOEBE.
The final model of KIC 3858884 depicts a binary with com-
ponents of similar mass and temperature but different radii, indi-
cating a slightly evolved status of the more massive star. This
can be the reason of the difference in the surface abundance
of some elements (different efficiency of diffusion and radiative
forces) and in pulsational properties. The agreement with theo-
retical models required the inclusion of overshooting in the cal-
culations, and the adopted value of αOV = 0.2 is in agreement
with the results of Claret (2007) for the mass domain considered
here. It has to be noticed that the masses of our components are
at the lower limit of the Claret sample (whose stars are have all
masses above 2 M⊙, with the only exception of the secondary of
YZ Cas).
Both the light curve analysis, from the dispersion of the
phased light curve, and that of the radial velocity curves, again
from dispersion and from the RME, indicate that the two domi-
nant frequencies belong to the secondary star. These second and
first highest amplitude frequencies are identified as the funda-
mental radial mode and a non-radial mode.The most consistent
scenario from the comparison of pulsational analysis with the
theoretical modeling indicates as well that the secondary com-
ponent is at the origin of the high-order g-modes in the γ Dor
frequency domain, as the driving mechanism is at work only in
this component. On the other end this conclusion applies only
in the hypothesis of an intrinsic excitation mechanism and the
alternative explanation of tidal origin cannot be excluded.
Further insight in the study of this interesting system could
be gained by sure identification the pulsation modes, which
would increase our knowledge of the internal structure of the
pulsator. That could be achieved by acquiring multicolor pho-
tometry and/or high-S/N high-resolution spectra. We think that
additional spectroscopy is the best choice: the target is bright
enough and the pulsation frequencies not too high to obtain,
even with medium class telescopes (2-4m), high-S/N spectra
of high-resolution both in time and wavelength. Spectroscopic
mode identification allows to reach higher ℓ values with respect
to that by multi wavelength photometry, which is limited by can-
cellation effects. Moreover, spectra of higher S/N than that ob-
tained with the standard follow-up of Kepler targets, will provide
a more reliable determination of the atmospheric parameters and
hopefully solve the discrepancy on the secondary star tempera-
ture and abundances.
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Table A.1. Radial velocities (in km s−1 ) of KIC 3858884. The columns are BJD 2 455 000+ of mid-exposure time, instrument, RV
of the primary, RV of the secondary, and RV of the secondary component cleaned for the short-term variations. Instruments are B =
BOES, E = HET, H = HERMES, and T = TLS spectrograph.
BJD source RV1 RV2 RV ′2 BJD source RV1 RV2 RV ′2
503.968710 B 101.058 -69.647 -71.207 751.380682 T -16.225 49.806 48.076
509.908470 B -4.498 44.847 37.951 754.353314 T -0.038 41.027 42.560
539.899830 B -20.382 54.944 51.110 754.364483 T -3.429 39.126 39.492
541.946970 B -18.395 46.391 51.585 754.380861 T -3.786 40.539 39.212
628.303308 B 15.562 23.515 18.222 776.461040 H -17.718 53.411 52.308
628.345463 B 16.274 15.656 16.507 787.346506 T 57.850 -24.321 -24.942
629.314475 B 22.993 -0.129 5.260 788.485381 T 82.243 -48.560 -51.161
629.356617 B 21.704 3.035 5.197 790.541616 T 101.938 -69.849 -71.011
633.302954 B 94.441 -61.822 -63.381 791.334012 T 79.926 -44.566 -47.430
633.345108 B 95.566 -65.888 -58.958 792.326393 T 57.915 -13.379 -15.017
663.683117 H 16.715 20.101 17.424 792.347967 T 55.262 -10.200 -12.582
664.620059 H 1.844 26.754 28.925 793.451780 T 20.377 15.069 10.441
665.732860 H -6.980 35.110 39.160 794.445339 T 2.345 23.530 29.261
666.666483 H -12.037 38.827 45.524 800.355096 T -19.689 52.556 51.408
666.719014 H -12.116 51.810 46.882 835.485973 H 12.871 23.537 19.594
667.586311 H -15.390 50.051 50.014 1049.606437 H 107.639 -77.682 -73.524
667.727775 H -15.555 49.056 49.725 1052.626388 H 22.543 14.889 9.613
681.449628 T 23.831 4.379 3.206 1054.636610 H -3.760 39.145 37.222
682.453035 T 39.360 -6.949 -0.682 1056.647034 H -15.467 54.223 50.409
683.564618 T 59.074 -29.658 -28.887 1061.607181 H -16.867 57.482 51.471
692.415476 T -10.424 45.173 44.408 1062.689804 H -15.963 54.937 50.092
693.438524 T -16.214 48.155 46.815 1064.822359 E -11.888 40.721 40.561
694.150352 B -17.183 56.479 51.729 1066.552735 H -2.234 40.515 35.120
694.506644 T -19.691 47.490 49.977 1068.573164 H 8.260 22.177 23.654
695.107980 B -19.561 56.961 51.331 1074.838375 E 100.575 -64.819 -68.291
695.151628 B -18.409 48.303 54.487 1076.791640 E 79.700 -49.458 -49.260
695.193817 B -19.763 50.567 51.356 1077.803589 E 54.350 -10.139 -12.378
696.243405 B -19.768 48.339 52.528 1080.772443 E -8.103 31.338 34.314
697.235861 B -18.672 51.034 51.453 1083.761894 E -18.470 49.227 51.194
697.436288 T -19.818 48.575 48.442 1086.777471 E -18.875 54.133 51.330
698.239925 B -18.455 46.693 50.055 1138.389114 T -18.531 53.282 51.059
700.471873 T -12.660 50.965 46.935 1138.530815 T -20.323 51.781 49.585
702.512351 T -4.535 32.445 37.881 1138.586613 T -19.753 48.648 52.199
703.445149 T 1.158 29.451 34.980 1139.406973 T -17.372 43.658 49.543
705.428053 T 9.932 22.247 22.467 1140.384865 T -16.214 48.231 48.176
716.562951 H 3.846 26.404 29.070 1140.450756 T -16.666 46.626 46.029
717.597184 H -5.405 40.366 39.733 1141.585823 T -12.740 42.465 44.432
722.398921 T -19.689 52.570 52.850 1143.474649 T -5.791 44.063 37.751
725.456789 T -15.056 48.648 49.481 1144.506855 T -0.162 32.431 38.587
726.405990 T -13.137 45.756 45.515 1148.388880 T 21.279 0.142 5.762
731.416428 T 11.112 12.745 18.390 1202.685821 E 59.681 -30.096 -28.015
734.392309 T 39.661 -1.017 -1.981
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Table B.1. The first 60 frequencies detected in the amplitude spectrum of KIC 3858884 (from the residuals without eclipses). The
uncertainties are derived according to Kallinger et al. (2008). S is the spectral significance according to (Reegen 2004). The remark
column lists the obvious overtones/combinations.
Frequency (d−1) Amplitude (10−3) Phase (2π) ξ remark
f1 7.2306 ± 0.0001 10.15 ± 0.21 0.411 ± 0.002 2261.2
f2 7.4734 ± 0.0001 9.10 ± 0.15 0.106 ± 0.001 3826.8
f3 9.8376 ± 0.0002 1.96 ± 0.07 0.190 ± 0.002 910.2
f4 7.5125 ± 0.0002 1.75 ± 0.06 0.646 ± 0.002 976.4 f2+forb
f5 6.7358 ± 0.0002 1.55 ± 0.05 0.476 ± 0.002 1004.1
f6 9.5191 ± 0.0002 1.24 ± 0.04 0.786 ± 0.003 808.5
f7 14.7041 ± 0.0002 1.15 ± 0.04 0.768 ± 0.002 881.9 f1 + f2
f8 11.7257 ± 0.0002 1.02 ± 0.04 0.575 ± 0.003 827.1
f9 14.7253 ± 0.0003 0.59 ± 0.03 0.330 ± 0.004 332.7
f10 7.3628 ± 0.0003 0.54 ± 0.03 0.264 ± 0.004 299.1
f11 7.2424 ± 0.0004 0.51 ± 0.03 0.351 ± 0.005 241.8
f12 7.4621 ± 0.0004 0.50 ± 0.03 0.988 ± 0.005 232.1
f13 0.6971 ± 0.0004 0.38 ± 0.03 0.721 ± 0.005 219.9 18 forb, gd
f14 14.7524 ± 0.0004 0.29 ± 0.02 0.251 ± 0.005 214.5
f15 9.0740 ± 0.0004 0.39 ± 0.03 0.312 ± 0.005 208.6
f16 11.5168 ± 0.0004 0.38 ± 0.03 0.833 ± 0.005 200.6
f17 8.0337 ± 0.0004 0.37 ± 0.03 0.981 ± 0.005 201.8
f18 9.7663 ± 0.0004 0.37 ± 0.03 0.154 ± 0.005 198.9
f19 7.2667 ± 0.0004 0.33 ± 0.02 0.144 ± 0.005 189.1 f1 + forb
f20 0.0266 ± 0.0005 0.70 ± 0.06 0.167 ± 0.006 162.4
f21 14.2135 ± 0.0005 0.37 ± 0.03 0.279 ± 0.006 160.1
f22 0.2399 ± 0.0005 0.15 ± 0.01 0.423 ± 0.006 154.7 f2 − f1
f23 10.0012 ± 0.0005 0.30 ± 0.02 0.070 ± 0.006 159.8
f24 9.3034 ± 0.0005 0.27 ± 0.02 0.844 ± 0.006 157.8
f25 7.1830 ± 0.0005 0.27 ± 0.02 0.103 ± 0.006 157.1
f26 17.0682 ± 0.0005 0.26 ± 0.02 0.541 ± 0.006 148.4 f1 + f3
f27 14.4613 ± 0.0005 0.27 ± 0.02 0.300 ± 0.006 131.0 2 f1
f28 13.8340 ± 0.0005 0.23 ± 0.02 0.539 ± 0.007 126.7
f29 14.9470 ± 0.0005 0.23 ± 0.02 0.317 ± 0.007 128.5 2 f2
f30 9.2801 ± 0.0005 0.39 ± 0.03 0.725 ± 0.006 131.9
f31 17.1049 ± 0.0005 0.23 ± 0.02 0.726 ± 0.007 128.7
f32 10.3419 ± 0.0005 0.23 ± 0.02 0.728 ± 0.007 128.1
f33 16.9926 ± 0.0005 0.22 ± 0.02 0.491 ± 0.007 122.1
f34 6.9632 ± 0.0005 0.22 ± 0.02 0.933 ± 0.007 123.9
f35 14.1544 ± 0.0005 0.21 ± 0.02 0.494 ± 0.007 118.6
f36 11.7733 ± 0.0005 0.21 ± 0.02 0.584 ± 0.007 119.7
f37 0.1544 ± 0.0005 0.21 ± 0.02 0.238 ± 0.007 119.4 4 forb
f38 9.1235 ± 0.0005 0.20 ± 0.02 0.708 ± 0.007 114.4
f39 0.0099 ± 0.0005 0.19 ± 0.02 0.353 ± 0.007 115.9
f40 14.2097 ± 0.0005 0.29 ± 0.03 0.596 ± 0.007 116.4
f41 0.9020 ± 0.0005 0.20 ± 0.02 0.990 ± 0.007 115.3 gd
f42 14.7485 ± 0.0006 0.33 ± 0.03 0.332 ± 0.007 109.9 f1 + f4
f43 0.0416 ± 0.0006 0.33 ± 0.03 0.793 ± 0.007 102.4
f44 14.9860 ± 0.0006 0.17 ± 0.02 0.305 ± 0.007 98.5 2 f2 + forb
f45 7.2038 ± 0.0006 0.17 ± 0.02 0.479 ± 0.008 85.6 f1 − forb
f46 11.2943 ± 0.0006 0.16 ± 0.02 0.337 ± 0.008 86.9 f2 + f5
f47 0.5114 ± 0.0006 0.17 ± 0.02 0.987 ± 0.008 87.4 gd
f48 0.5058 ± 0.0006 0.14 ± 0.01 0.543 ± 0.008 90.3
f49 6.8510 ± 0.0006 0.15 ± 0.02 0.688 ± 0.008 90.9 f5 + 3 forb
f50 7.5006 ± 0.0006 0.18 ± 0.02 0.600 ± 0.008 85.8
f51 6.2352 ± 0.0006 0.15 ± 0.02 0.489 ± 0.008 85.8
f52 3.4906 ± 0.0006 0.14 ± 0.02 0.653 ± 0.008 83.5
f53 0.0625 ± 0.0007 0.13 ± 0.01 0.050 ± 0.008 78.4
f54 14.7414 ± 0.0007 0.18 ± 0.02 0.352 ± 0.009 76.0 f1 + f2 + forb
f55 1.0539 ± 0.0007 0.13 ± 0.02 0.078 ± 0.008 77.0 gd
f56 2.3796 ± 0.0007 0.14 ± 0.02 0.927 ± 0.008 76.2
f57 0.2185 ± 0.0007 0.39 ± 0.04 0.166 ± 0.008 76.5
f58 2.3641 ± 0.0007 0.14 ± 0.02 0.620 ± 0.008 77.6
f59 7.4232 ± 0.0007 0.13 ± 0.01 0.938 ± 0.008 78.3
f60 7.2797 ± 0.0007 0.17 ± 0.02 0.743 ± 0.008 77.6
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